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Abstract. A new type of the series of quasi-periodic (QP)
very low frequency (VLF) emissions in frequency range of
1–5kHz, and not associated with geomagnetic pulsations,
has been discovered at auroral latitudes (L=5.3) during the
Finnish VLF campaign (held in December 2011). At least
ﬁveunusuallyspectacularevents,eachwithadurationofsev-
eral hours, have been observed during the night under condi-
tions of quiet geomagnetic activity (Kp=0–1), although QPs
usually occur during the daytime. Contrary to the QP emis-
sions typically occurring during the day, the spectral struc-
ture of these QP events represented an extended, complicated
sequence of repeated discrete rising VLF signals. Their du-
ration was about 2–3min each, with the repetition periods
ranging from ∼1min to ∼10min. Two such nighttime non-
typical events are reported in this paper. The ﬁne structure
of the separated QP elements may represent a mixture of the
different frequency band signals, which seem to have inde-
pendent origins. It was found that the periodic signals with
lower frequency appear to trigger the strong dispersive up-
per frequency signals. The temporal dynamics of the spectral
structure of the QPs studied were signiﬁcantly controlled by
some disturbances in the solar wind and interplanetary mag-
netic ﬁeld (IMF). This ﬁnding is very important for future
theoretical investigations because the generation mechanism
of this new type of QP emissions is not yet understood.
Keywords. Ionosphere (Wave propagation) – Magneto-
spheric physics (Magnetosphere–ionosphere interactions;
Plasma waves and instabilities)
1 Introduction
Quasi-periodic (QP) very low frequency (VLF) emissions
were ﬁrst reported by Gallet (1959), Pope and Campbell
(1960), and Lokken et al. (1961). Later, Helliwell (1965) di-
vided these emissions into two classes: periodic emissions
(Pe) represented a sequence of discrete events or clusters of
discrete events showing regular spacing with typical period-
icity in the range of 1–7s, and quasi-periodic emissions (QP)
represented a sequence of repeated noise bursts of relatively
long period (∼20–50s), in which each burst may consist of
a number of discrete events or periodic emissions. The pe-
riod between bursts is typically measured in tens of seconds.
These emissions are understood to be whistler mode waves
of magnetospheric origin that have propagated through the
ionosphere to the ground.
QP emissions have subsequently been subdivided (Kita-
mura et al., 1968; Sato and Fukunishi, 1981) into two types:
being either associated (QP1) or not associated (QP2) with
geomagnetic pulsations. QP1 is more widely referred to in
the literature (e.g., Kimura, 1974; Sato and Fukunishi, 1981;
Bespalov and Kleimenova, 1989; Sazhin and Hayakawa,
1994; Manninen et al., 2012). However, there have been rel-
atively few papers analysing QP2 emissions and described
their behaviour (Ho, 1973; Morrison et al., 1994; Smith et al.,
1998; Engebretson et al., 2004). Based on Antarctic observa-
tions, these authors concluded that QP2 are most common in
austral summer under conditions of quiet geomagnetic ac-
tivity, their diurnal maximum of occurrence is near noon,
and the period of separated VLF bursts repetition ranged
from ∼20s to ∼100s. The QP emissions showed good
conjugateness and the elements of QP emissions appeared
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Fig. 1. Spectrograms showing two ensembles of QP emissions recorded in Northern Finland in December 2011.
simultaneously at the conjugate stations. Very often these
VLF emissions were accompanied by periodic emissions
with periods of a few seconds.
A new type of the series of QP 1–5kHz VLF emissions,
not associated with geomagnetic pulsations, was noticed at
L ∼ 5.3 during the Finnish VLF campaign (held in Decem-
ber 2011). The occurrence of extended QPs, lasting 4–6h,
and consisting of repeated, unusually long-lasting (up to two
minutes) bursts of VLF emissions, at night, was perhaps sur-
prising. The repetition period of the separate signals was
large, and ranged from about one to about ten minutes. These
events, not previously described in the literature, are the ob-
ject of this paper.
2 Observations
Unusually long-lasting QP2 events were observed during the
FinnishVLFcampaignofDecember2011atatemporarysta-
tion in Kannuslehto: ϕ = 67.74◦ N, λ = 26.27◦ E; L = 5.3,
by applying a very high-sensitivity VLF receiver with the
threshold on the order of 10−6 nT. At least 5 spectacular
events, each lasting several hours, have been recorded un-
der quiet geomagnetic activity (Kp=0–1). Most of them ap-
peared in the late evening before local midnight or in the
early morning after midnight. None of these QP emission
events were associated with geomagnetic pulsations, so are
classiﬁed as QP2 type.
Two examples of the unusual QP events recorded at night-
time, will be examined here – those from 18 and 24 De-
cember. The spectrograms of the QP events, each lasting
about 6h, are given in Fig. 1, in the frequency range of
0.7–5.0kHz. The strong horizontal lines in Fig. 1 are due
to power line harmonic radiation (PLHR), which are multi-
ples of 50Hz. Analysis of the wave polarisation showed that
in both cases, the QP emissions were mostly right-hand po-
larised, indicating the location of the ionospheric VLF wave
exit point was almost above the ground receiver. According
to the model (http://www.spaceweather.eu/plasmapause), the
plasmapause was located at L∼5 during both events. Thus,
we may suppose that the QP emissions studied here were
generated in the vicinity of the plasmapause, and our VLF
receiver might be located near the projection of the origin of
these emissions.
2.1 QP event on 18 December 2011
The spectrograms of the QP emissions on 18 December 2011
are shown in the upper panel of Fig. 1. This event looks
like a spectacular series of QP emissions with changing and
complex spectral structure, decorated on top by a curtain of
extended high-frequency (∼3.0–4.5kHz) hiss. The intensity
and repetition frequency of QP emissions increased with the
high-frequency hiss enhancement. The temporal dynamics of
the spectral structure of the series of QPs under consideration
are given in Fig. 2 as a sequence of ﬁve 10-min intervals on
the spectrograms (shown in Fig. 1 by red bars).
It can be seen that at beginning of the event (Fig. 2a),
the sparse individual long-lasting, rising, diffuse QP bursts
at ∼1.8–3.5kHz were spaced 2–3min apart, and accom-
panied by the rare lower-frequency narrow-band (∼1.8–
2.0kHz) short period rising signals, each of about 15s dura-
tion. The appearance and generation of these two emissions
with different frequency seems to be independent. With the
increasing high-frequency hiss strength, the upper limit of
the narrow-band emissions increased up to 2.3kHz (Fig. 2b).
Around 19:00UT, the low-frequency narrow-band emissions
disappeared, but as seen in Fig. 2c, more probably the lower
periodic seems to trigger the strong dispersive upper one.
Later on (Fig. 2d), the high-frequency hiss broke up into
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Fig. 2. Series of successive 10-min spectrograms of QP emissions
on 18 December 2011.
Fig. 3. Series of successive 10-min spectrograms of QP emissions
on 24 December 2011.
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Fig. 4. Two 2-min spectrograms of selected QP emissions recorded during the event on 24 December 2011.
quasi-periodic noise patches with ∼40s repetition. The low-
frequency narrow-band emissions appeared again as sepa-
rated rising diffuse bursts with ∼1–2min periodicity, its up-
per frequency boundary became modulated by short (∼6–
7s) periodic emissions. Some of the lower frequency narrow-
band emissions appear to trigger the upper ones as well as in
preceded time. The event discussed here ended with these 2-
min repeated low-frequency, narrow-band, slow-rising emis-
sions (Fig. 2e).
2.2 QP event on 24 December 2011
The spectacular event on 24 December 2011 was observed
on Christmas night. The spectrogram of this event is pre-
sented in the bottom panel of Fig. 1. The signal dynamic
spectra of 10-min intervals are given in Fig. 3 and shown
by the blue bars in Fig. 1. The high-frequency hiss was ob-
served on 18 December was also evident, but with much less
strength. The event started with a series of the quasi-regular,
diffuse, rising bursts in the frequency range of ∼1.7–2.4kHz
and with repetition periods of ∼1.0–1.5min (Fig. 3a).
Around 18:00UT, the intensity of the bursts increased, and
thelowerfrequencylimitshifteddownto∼1.2kHz(Fig.3b).
Also, modulation with the period of a few seconds occurred
near the top of every burst. The spectral structure of QP
emissions changed after 19:00UT (Fig. 3c): some of the pe-
riodic emissions at lower frequencies appear to trigger the
strong dispersive tail up to 5kHz. An example 2-min spec-
trogram of signal like this is given in Fig. 4a. This shows
that the high frequency boundary of emission burst consists
of periodic emissions with 6–7s repetition periods. About
30min later, a new modiﬁcation of the QP structure was ob-
served (Fig. 3d). The 2-min spectrogram (Fig. 4b) shows new
∼2.7–5.0kHz hiss patches (19:38–19:39UT), consisting of
a cluster which united several 4-min modulated noise bursts.
This modulation was not seen in the next long-lasting QP
element at a similar frequency. These emissions might have
different sources. Similarly to the 18 December 2011 event,
this event ended with repeated, low-frequency (∼1–2kHz)
narrow-band, slow-rising emissions (Fig. 3e).
3 Discussion
In spite of the quiet geomagnetic conditions (K ∼ 0–1),
some disturbances in the interplanetary magnetic ﬁeld (IMF)
and in the solar wind took place during both the QP events
discussed as is shown in the upper parts of Fig. 5a and b
(1-min OMNI data). During the ﬁrst QP event on 18 Decem-
ber 2011 (Fig. 5a), a storm sudden commencement (SSC)
occurred at 19:03UT. This caused a strong jump in the so-
lar wind density and velocity at ∼19.15UT; and before that,
a small, short negative excursion of IMF Bz caused an en-
hancement of the AE-index and a corresponding small sub-
storm (bottom part of Fig. 5a). A change in the QP dynamic
spectra is seen at that time (Fig. 2c). A noticeable negative
magnetic transient appeared in the IMF (both in IMF Bx and
IMF Bz) at ∼20:45UT. Around this time, the high-frequency
hiss practically disappeared, and the QP spectra experienced
modiﬁcation. Thus, it seems that IMF and solar wind state
have signiﬁcant inﬂuence on the spectral dynamics of QP
emissions.
During the second QP event (24 December 2011), a small
jump of the solar wind density and velocity took place at
∼18:00UT (Fig. 5b), although it was much smaller than
on 18 December 2011. However, after this, the low fre-
quency limit of QPs shifted down to ∼1.2kHz (Fig. 3b).
At 19:00UT the IMF Bz turned to the negative values, and
the dynamic spectra of the QPs also changed. Furthermore,
some interaction between the lower and higher frequency
parts of QP bursts appeared (Fig. 3c). The other signiﬁcant
modiﬁcation of the QP dynamic spectra was observed near
19:30UT (Fig. 3d). This coincided with a relatively strong
substorm with AE-index increasing up to ∼280nT, which
was recorded only at high latitudes (BJN, HOR). There were
no substorms between 20:00UT and 21:00UT, but during
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Fig. 5. OMNI data of solar wind density (Np), velocity (V) and interplanetary magnetic ﬁeld (IMF) Bx, By, and Bz components; AE-index
and magnetograms at Hornsund (HOR, CGM 74◦, 110◦), Bear Island (BJN, CGM 71◦, 109◦), and Sodankyl¨ a (SOD, CGM 64◦, 110◦) during
the event on (a) 18 December 2011, and (b) 24 December 2011.
this period both 3–5kHz hiss and QPs disappeared. No rea-
sonable explanation has been found for this so far, and that
will be one of the potential questions for future theoretical
investigation. A new substorm developed near 21:00UT, and
at this time QP emissions appeared again.
Since this was the ﬁrst time such a spectacular ensemble
of different QP emissions has been observed, it is unsurpris-
ing that the generation mechanism and source of QPs de-
scribed above is unknown. According to the theory of the
cyclotron instability in the magnetospheric plasma maser
(Trakhtengerts and Rycroft, 2008), one plausible reason for
generation of QP emissions might be the auto-oscillation
of the Earth’s radiation belt electrons (Bespalov, 1982; Be-
spalov and Trakhtengerts, 1986).
4 Summary
A new type of ensemble of different quasi-periodic (QP)
VLF emissions have been recorded in Northern Finland at
L ∼ 5.3 during the Finnish VLF campaign held in Decem-
ber 2011. They appeared in the frequency range of 1–5kHz.
Unlike typical QP emissions, they were not associated with
geomagnetic pulsations, and their spectral structure repre-
sented a sequence of repeated discrete and diffuse rising VLF
signals, lasting about 2–3min, with repetition periods rang-
ing from about 1 to 10min. The emissions were observed at
night, while typical QPs occur during the day.
It was found that ﬁne structure of the separated QP ele-
ments may represent a mixture of different frequency bands
signals, which seem to be of independent origins. In addition,
some of the periodic emissions at lower frequencies appear
to trigger a strong dispersive tail up to 5kHz.
The temporal dynamics of the spectral structure of QPs
were signiﬁcantly inﬂuenced by some disturbances in the so-
lar wind and IMF. This ﬁnding is very important for future
theoretical investigations because the generation mechanism
of the revealed type of QP emissions is not yet understood.
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